Electric utility systems are interconnected to achieve the benefits of minimum production cost, maximum reliability and better operating conditions such as reserve sharing, improved stability and operation under emergencies. The general problem of economic dispatch for a single area is solved by different methods (Wood and Wollenberg, 1984; Walters and Sheble, 1993; Wong and Fung, 1993; Park et al., 1993). However, only few methods have been reported to solve the multi-area economic dispatch problems with tie-line constraints. Shoults et al (1980) presented a method for unit commitment and multi-area economic dispatch with import/export constraints. The authors proposed classical economic dispatch method for solving the multi-area economic dispatch problem. In this approach, for a single area system all committed units were operated at equal incremental fuel rate. For multi-area dispatch, area incremental fuel cost was first determined and then the generator outputs of units in each area were determined. Wang and Shahidehpour (1992) proposed a decomposition approach for solving multi-area generation scheduling with tie-line constraints using expert systems. The authors showed the efficiency of their proposed approach by testing it on a four area system with each area consisting of 26 units. The same authors (1993) reported a large scale system decomposition and co-ordination method for multi-area generation scheduling of hydro thermal systems with tie-line constraints.
dispatch problem. Hence it is of interest to consider tie-line constraints also in the evolutionary programming methodology for solving multi-area economic dispatch problems.
PROBLEM FORMULATION
The objective of multi-area economic dispatch is to determine the generation levels and the interchange power between areas that minimize the system operation cost while satisfying a set of constraints. The operation cost of a multi-area system is represented by fuel costs in all areas. A system with Nm on line units for the area m in an M area system has been considered. The objective of the multi-area economic dispatch problem is :
where Fm is the fuel cost of the mlh area and f is the total fuel cost.
The fuel cost of each unit is represented as a quadratic function of unit power generation. Hence the objective function becomes
M Nm
Minimize f --2 £ (amn P"mn "t" bmn Pmn "t" Cmn) (5.2) m=l n=l where amn, bmn and cmn are fuel cost coefficients, Pmn is the power output of generator n in area m and Nm is the number of on-line units in area m.
The main aim of multi-area economic dispatch is to determine the amount of power that can be economically generated in one area and transferred to another area in order to displace generation in the second area. Taking ii.
Generation limits constraint
The power generation of unit n in area m should be between its minimum and maximum limits.
Pmn.min ^ Pmn ^ Pmn.max (5.5)
iii.
Tie-line limits constraint
The tie-line power transfer from area J to area K, Tjk should be between its minimum and maximum capacity limits.
Tjk , min £ Tjk < Tjk ,max (5.6)
IMPLEMENTATION OF EVOLUTIONARY PROGRAMMING APPROACH FOR MULTI-AREA ECONOMIC DISPACTH
The implementation of evolutionary programming approach in solving economic dispatch problem can be designed to be data driven. This means that the optimization function, the parameters and the constraints can be defined via the input data. As already stated, the main stages of the evolutionary programming approach include initialization, mutation, and competition and selection and its implementation for multi-area economic dispatch with tie-line constraints is formulated as follows:
Initialization
The initial population is chosen to comprise only combinations of the candidate dispatch solutions and the tie-line flows which satisfy all the constraints.lt consists of pi5 i = 1,2,I, trial parent individuals. The elements of a parent individual are the combinations of a) Power outputs of the generating units randomly chosen using random number ranging over [ Pmn,min, Pmn,max ] and b) Tie-line flows randomly selected by the uniform random number ranging over [-Tjk,max ,Tjk,max] . This range covers the minimum and maximum flows in either direction i.e. if Tjk is positive, it is the flow from area J to area K and if Tjk is negative, it is the flow from area K to area J.
The initial elements of any parent are randomly chosen assuming uniform distribution spread over its feasible range. This initialization procedure does not have any effect on cost, convergence and execution time.
The number of elements in a parent is equal to N on-line generating units in M areas plus the total tie-lines interconnecting M areas . Thus it is seen that the same standard deviation produces the required random variation in either direction depending on its existing value of line flow.
The parent individuals are the candidate solutions which satisfy the constraint eqns. (5.4), (5.5) and (5.6). However, after mutation the elements of offspring P'mn and T'jk may violate these constraints. These violations are corrected as follows: The penalty term in the above equation is equal to zero during initialization and it gets non-zero value after mutation only if P'md violates its minimum or maximum generation limits. The violation is squared to ensure that it always remains positive even if there is lower limit violation. This guarantees that the objective function in eqn. (5.11) always has a higher value when violations occur. The penalty coefficient A™ is so chosen as to make the penalty term 10 to 20% of the cost function. Its selection is purely heuristic and it is maintained as constant, though in some cases it can be increased in successive iterations of the optimization process.
The initial population and their offspring created by mutation form a combined population of 21 individuals.
Competition and selection
The 21 individuals compete with each other for selection. A weight value Wj is assigned to each individual as follows:
where ft is the fitness of the tlh competitor randomly selected from 21 individuals, and u is an uniformly distributed random number between 0 and 1. While computing the weight for each individual it is ensured that each individual is selected only once from the combined population. Even though relative fitness values are used during the process of mutation, competition and selection, it leads to slow convergence. This is because of the ratio f, / (fj + ft) which is always around 0.5 and not uniformly distributed between 0 and 1. Hence the following strategy is adopted to assign weights: • The initial trial points are uniformly distributed throughout the search space.
• The scaling factor (3 should be such that the offspring trial solution is between the cost arrived at by the evolutionary programming method and the exact cost. Hence, though the selection of P is heuristic, it must be judiciously chosen.
• One generator in each area is considered as dependent generator and its output is determined as given by the eqn. (5.8).
Example 1: Two area system
The system (Yalcinoz and Short, 1998) having two areas and one tie-line is shown in Figure 5 
Example 2 Four area system
The four area system (Streiffert, 1995) interconnected by six tie-lines is depicted in Figure 5 .2. In this system, three case studies have been analysed for economic tie transfers. The case study data comprising the cost coefficients are given in Table 5 .2.
Case 1: This case consists of four areas, each containing four units. The units' quadratic cost functions and generation limits are as given in (Streiffert, 1995) . Tie line transfer limits are all set to 100 MW. In this example tie cost of tie-line flows are given as linear functions of power transfers.
Case 2: This is identical to case 1 with the addition of a dispatchable purchase available to area A1 at a cost of 9.5 $/MW with an upper limit of 50 MW.
38.62 * (15.31) Figure 5 .2 Economic tie transfers including economic purchase or sale from external system(s) * Purchase from area(s) external to the study system ** Sale to areas external to the study system Note :
Values in parentheses denote optimal tie transfers, purchase or sale by the INFP method (Streiffert, 1995) 
Generation
This comparison indicates the ability of evolutionary programming approach to yield global or near global optimal solutions in all three cases. The differences in these costs due to two methods are very small compared with the system fuel cost. The percentage difference or error between the values of the cost functions of the proposed method and the INFP algorithm is calculated as
The errors in cases 1, 2 and 3 are 0.01%, 0.08% and 0.07% respectively, which are negligible. The convergence pattern of the minimum cost for each case is shown in Figure 5 .3. The parameters used in the evolutionary programming approach for different cases are given in Table 5 .4. Table 5 .5 and the transmission parameters are in Table 5 .6.
Implementation of evolutionary programming approach to this example requires 31 variables for each individual. The power output of the dependent generator in each utility is calculated using eqn. (5.8). problems. This method has excellent convergence to optimum as observed from the convergence patterns shown. In order to exploit the potential of the proposed method for solving large scale multi-area economic dispatch problems, the number of iterations required for convergence has to be reduced and this needs further investigations.
